A series of critical experiments and theoretical analyses has been made on two-region systems in which a heavy water solution of uranyl sulfate with 235U enrichment of about 20% is surrounded by heavy water, poisoned with B or mixed with ThO2. D-to-235U atomic ratios in the core solutions ranged 4,500~1,000, depending on the core diameter and the blanket concentration.
INTRODUCTION
Few critical experiments(1) and analyses (2) have been reported on the heavy water homogeneous system. The authors(3) made a series of critical experiments and theoretical analyses on a system of heavy water solution of uranyl sulfate (235U enrichment about 20w/0) surrounded by heavy water. In so far as the reflected system is concerned, good agreement between experimental and theoretical results is obtained. In the previous paper, the authors have already pointed out the importance of considering the leakage of fast neutrons from the core and the competition of leakage with resonance absorption in the core. However, in the theoretical treatment of such a dilute system, the spatial dependence of the thermal neutron spectrum was neglected. Furthermore, it was likely that there existed some uncertainty in the resonance integral of 235U . The present paper concerns an analysis of systems with a heavy water blanket either poisoned with B or mixed with ThO2, and the points raised above will be discussed.
The main components of the critical facility are a spherical core tank, a fuel storage tank, a blanket tank and a dump tank. 
Usually the slowing down density is separated into two factors, one being a resonance escape probability and the other a non-leakage probability. They are defined by exp(-Suu0(Sa(u'/xSs(u'))du')and respectively. The definitions of these factors however are not rigorous, because they are defined in reference to an infinite medium and a finite nonabsorbing medium respectively. In the analysis of a multi-region reactor, neutrons leaking out of one region will return to the original region, and will be either absorbed or transported.
Therefore, a rigorous value should be used for the non-leakage probability.
For the same reason, a rigorous value of the resonance escape probability is required. The non-leakage probability should be defined by (number of neutrons remaining in core)/(source strength) and the resonance escape probability by (slowing down density at the thermal cut-off energy)/(number of neutrons remaining in core As auxiliary detectors, BF3 counters and 238U fission counters were also used.
The following relation can be derived between the Cd ratios CRx(r) and CRy(r) for materials X and Y, using the sub-Cd activation cross section s, and the resonance integral RI. (2) where a(r) is defined as (3) uc, being the Cd cut-off lethargy. If the activation cross section s(u) has a single predominant resonance at ur, a(r) is approximately equal to p(ur,r). Therefore, the quantity ax(r)/ay(r) may be used to crudely specify the neutron energy spectra between ux and uy. Let us define a spectral index b(r) as follows: (4) If bxy(r1) is known, bxy(r2) will be obtained without reducing measured Cd ratios to zero thickness values and without knowing any nuclear data other than resonance energies of The ratio of the number of neutrons absorbed in the core to that leaking out from the core varies with the neutron energy . The variation is so large that it is impossible to take into consideration the effect of competition between the two effects by a simple model like two group diffusion.
In the analysis, therefore, a multigroup model was adopted in which fast neutrons are divided into five groups.
The UGMG code(5) was used to calculate the neutron spectrum and neutron leakage from the core as well as the absorption and fission rates.
The code is an improvement of the MUFT IV. One of the main improvements is the incorporation of the Greuling-Goertzel approximation, applied to the slowing down by D as well as by the small amounts of H contained in the heavy water.
The anisotropy of the scattering cross section of D is neglected, because it hardly affects either the resulting neutron spectrum or the leakage and absorption rates.
To O and other materials, consistent age approximation is applied.
An important quantity to be determined is the effective buckling of the system. At the beginning of the analysis, it is decided by a trial and error procedure:
A likely value is initially chosen for the buckling and the various macroscopic cross sections are calculated by the UGMG code. Next, a criticality calculation is performed, and the resulting fast neutron spectrum is compared with that obtained with the UGMG code.
If they do not agree, a second trial is made for the buckling.
Treatment
of the blanket region needs special care, because there is no fission source in that region.
However, once the fission source distribution in the core is obtained by the criticality calculation mentioned above, we can obtain the fast neutron spectra in the various positions.
The method adopted is based on the many group (54) P1 transport equation .  The  group  cross sections  are  obtained by averaging with the spectrum.
The spectra, and consequently the average cross sections, especially at higher energies, differ from the approximate ones calculated with the fission source in the blanket and using the same effective buckling as for the core.
The difference, however, results in only a slight modification to the criticality factor and in the epithermal flux distribution. The actual neutron spectra in the blanket are different from the approximate ones at the initial stage of the slowing down process and at a distance from the core-blanket interface.
Of the higher energy neutrons, only those near the interface contribute to the criticality, and affect the flux distribution in the lower energies.
The spectrum of these neutrons, however, is almost the same as in the core. This justifies the use of approximate values for the group constants in the blanket.
For the range of fuel concentrations studied here, the effective buckling depends only on the core size, and does not depend on the concentration.
The epithermal flux distributions calculated and measured are shown in Fig.2 . The agreement is quite good. This fact indicates that the model adopted for the slowing down process is satisfactory. It is usually assumed that thermal neutrons have an asymptotic equilibrium spectrum in a large reactor or assembly.
In the case studied here, however, a relatively small core is filled with a concentrated fuel solution and surrounded by a weak absorbing blanket, and the neutrons do not attain asymptotic equilibrium.
The absorption and fission rates become larger with distance from the center. Let us assume that both rates vary in a similar manner, and use the four factor formula to evaluate the effect of this variation. It may be readily seen that the reactivity increases as the rates increase, so that if the asymptotic spectrum is used, the reactivity will be underestimated.
One of the main objects of our work was the experimental study of the spatial dependence of thermal neutron spectra.
It is reported that the use of Lu for integral measurement of thermal neutron energy is seven times more sensitive than the method using 239Pu and 235U foils near room temperature .
Lu has two isotopes, the stable 175Lu, and 1 76Lu which , for practical purposes, can be also regarded as stable. The cross section of 175Lu is approximately 1/n in the thermal region, and that of 176Lu has a resonance at 0.142eV.
However, the use of 175Lu as a 1/n detector is not convenient because of its large resonance integral above the Cd cut-off energy.
It is also difficult to measure simultaneously the high activities of the short lived 1 76mLu and the low activities of the long lived 177L u. For these reasons, Mn and Dy were used instead of 175Lu as 1/n detectors throughout the experiments.
Let us define the sub-Cd activation ratio R(r) as follows: (5) Typical data for R(r)(6) is shown in Fig.3 , in which R(r) is normalized to 1.0 in the blanket. 
where G,o,g and S are defined as follows. The distribution depends on the core size and does not depend on the fuel concentration.
The energy spectrum of the source does not affect the absorption and fission rates, because the source affects only the higher energy part of the spectra, and the reaction rates become smaller at the higher energies.
The absorption and fission rates are also affected by the thermal motion of absorber atoms.
It is assumed that the atoms are in thermal equilibrium, and their velocity distribution is given by the Maxwellian MA(u). The rates are given as follows: (8) Table 2 .
The experimental values of the Cd ratios In the foil method, the 235U fission product g-activity was detected using a multi-channel analyser, and counts were accepted above a 400 keV bias. The foil decay curves were plotted and activity ratios were taken at common times. The Cd ratios showed no time dependence.
Recently, Bowman, et al. (9) reported that the commonly accepted value of G, is too large, and that the fission integral should be reduced by some amount. Using their resonance parameters however, does not result in an absorption integral very different from prevalent value.
In Table 2 is also reduced to less than 1%, as shown in the last column of Table 1 . Spatial variations of the 235U Cd ratios are given in Fig.6 . The reduction of the integral makes possible adequate reproduction of the measured variation.
Cd ratios of Au are useful for checking the present analysis because there is almost no uncertainty in the resonance integral. The theoretical value was obtained as follows: The thermal average cross section was calculated by using the spatial dependent thermal spectrum, and the resonance integral was taken to be 1,535b. For the ratio of the thermal flux to the resonance flux, the ratio of the group 6 to 5 flux was used.
The results as well as the experimental data reduced to zero thickness values are listed in Table 2 . The agreement is quite satisfactory.
Throughout the analysis, the infinitely dilute resonance integral of 232Th was assumed to be 102b. This value was obtained by our colleague S.Yasukawa.
Recently, Nordheim(10) made a new calculation of resonance integrals and pointed out that the agreement between the calculated and measured values for 232Th is not quite as good as for 238U.
For the measurement of the resonance capture integral of 232Th, the experimental procedure is essentially based on Eq.(2). The samples were made by molding a mixture of ThO2 with epoxy into thin circular disks with a Th content of about 2mg/cm2. These samples appear to be adequately thin judging from the dispersion of the particles of about 1 m. The induced activities of epoxy are experimentally shown to be neglible. These samples were irradiated in the center sleeve for 20 min at a power of 50 W, and the 23 min (b-emitting 233Th was detected by using a conventional b-counter.
The same samples were used for Cd covered and bare irradiations with half life correction, and Au was used as reference material. The infinitely dilute resonance integral of 232Th is obtained by irradiation in core , and the effective resonance integrals by irradiation in blanket of different slurry concentrations. In these procedures, a(r) in Eq. (2) is evaluated by using p(u,r), which was calculated by using the UGMG code with the fission distribution obtained experimentally.
A critical evaluation of the various factors entering into the determination suggests an uncertainty not exceeding 10% in these values. Nevertheless, it is likely that the resonance parameters used in the theoretical calculation are inadequate. The inconsistencies affect the criticality of the system to some extent.
